Background: The development of a successful new tuberculosis (TB) vaccine would circumvent many limitations of current diagnostic and treatment practices. However, vaccine development is complex and costly. We aimed to assess the potential cost effectiveness of novel vaccines for TB control in a sub-Saharan African country -Zambiarelative to the existing strategy of directly observed treatment, short course (DOTS) and current level of bacille Calmette-Guérin (BCG) vaccination coverage. Methods: We conducted a decision analysis model-based simulation from the societal perspective, with a 3% discount rate and all costs expressed in 2007 US dollars. Health outcomes and costs were projected over a 30-year period, for persons born in Zambia (population 11,478,000 in 2005) in year 1. Initial development costs for single vaccination and prime-boost strategies were prorated to the Zambian share (0.398%) of global BCG vaccine coverage for newborns. Main outcome measures were TB-related morbidity, mortality, and costs over a range of potential scenarios for vaccine efficacy. Results: Relative to the status quo strategy, a BCG replacement vaccine administered at birth, with 70% efficacy in preventing rapid progression to TB disease after initial infection, is estimated to avert 932 TB cases and 422 TBrelated deaths (prevention of 199 cases/100,000 vaccinated, and 90 deaths/100,000 vaccinated). This would result in estimated net savings of $3.6 million over 30 years for 468,073 Zambians born in year 1 of the simulation. The addition of a booster at age 10 results in estimated savings of $5.6 million compared to the status quo, averting 1,863 TB cases and 1,011 TB-related deaths (prevention of 398 cases/100,000 vaccinated, and of 216 deaths/100,000 vaccinated). With vaccination at birth alone, net savings would be realized within 1 year, whereas the prime-boost strategy would require an additional 5 years to realize savings, reflecting a greater initial development cost. Conclusions: Investment in an improved TB vaccine is predicted to result in considerable cost savings, as well as a reduction in TB morbidity and TB-related mortality, when added to existing control strategies. For a vaccine with waning efficacy, a prime-boost strategy is more cost-effective in the long term.
Background
Nearly a third of the world's population harbors the Mycobacterium tuberculosis bacillus, and about 1.7 million people die of tuberculosis (TB) each year [1] . Since the early 1990s, inconsistent treatment and the consequent emergence of drug resistance, and widespread HIV infection have contributed to the global epidemic. Other major challenges include limited diagnostic tools, and suboptimal provider/patient adherence with recommended diagnostic and treatment interventions [2] . The World Health Organization's recommended strategy of directly observed treatment, short course (DOTS) has reduced incidence in most world regions; however, TB control in sub-Saharan Africa and in the former Soviet Union continues to be a particular concern [3, 4] . In response to these challenges, the World Health Organization (WHO) has broadened its approach to TB control, for example by considering HIV-TB co-infection, smear-negative TB and treatment for latent infection [5] . In addition, there is intensive research into novel diagnostic, therapeutic, and preventive interventions. The development of an effective TB vaccine holds great appeal; by preventing TB infection and/or disease, it would circumvent limitations of current diagnostic and treatment strategies.
The only currently licensed TB vaccine, bacille Calmette-Guérin (BCG), has proven at least modestly efficacious in preventing tuberculous meningitis and disseminated disease in young children, although estimates of protection vary [6, 7] . It has very limited efficacy in preventing adult pulmonary disease, the form of disease that is contagious, and hence fuels the continuing epidemic. Based on current development timelines, next-generation TB vaccines may become available in the next 5-7 years [8, 9] . Because a suboptimal vaccine is already in widespread use, an improved vaccine is likely to attain the same or even better population coverage. However, costs for development, testing, and implementation may be substantial. Given the limited resources available for TB control, it is relevant to consider likely costs and public health benefits of a novel vaccine, based on currently available information. If vaccine development is likely to prove very expensive, with public health benefits accruing only in the distant future, then other interventions may be accorded higher priority.
Using a simulation model, we aimed to predict health outcomes and costs with different scenarios for the introduction of a novel TB vaccine in a sub-Saharan African country. We were particularly interested in the impact of varying scenarios for vaccine efficacy, and for the mechanism and timing of vaccine effect. As a case study, we estimated TB-related morbidity, mortality, and costs of a novel TB vaccine introduced in Zambia, a country with high HIV prevalence (9.4%) and very high annual TB incidence (247 smear positive cases/100,000) [1, 10] . We projected changes in TB morbidity, mortality, and cost when an improved vaccine replaces the current BCG vaccination program, and supplements the current DOTS program, over a range of scenarios for vaccine efficacy.
Methods

General description of the model
We developed a decision analysis model, incorporating multiple Markov processes, using TreeAge Pro Suite 2007 (TreeAge Software, Williamstown, MA). The model estimated the probability of developing active TB disease, TB mortality, and associated costs over a period of 30 years for the existing TB control strategy (BCG for newborns, plus DOTS based on smear diagnosis and standard drug regimens), and for two alternative country wide vaccination strategies. We simulated a hypothetical fixed cohort of newborns who joined the existing population of Zambia. The characteristics of the Zambian population used for this simulation are summarized in Table 1 . The analysis was conducted from a societal perspective, including both direct and indirect costs. All future expenditures and outcomes were discounted at a rate of 3% annually [11] .
For the purpose of the primary analysis, current epidemiologic and tuberculosis control parameters (Table 1) were assumed to remain constant over the simulation period: annual risk of TB infection, DOTS coverage, case detection rate, treatment outcomes, smear-positive incidence, HIV seroprevalence, and prevalence of initial TB drug resistance. The status quo included the protective effects of existing BCG vaccination, at the current level of vaccine coverage and with a presumed 50% reduction in the risk of primary progression to pulmonary disease, tuberculous meningitis or disseminated disease during early childhood [12, 13] . The reduction in risk conferred by existing BCG vaccination is assumed to apply for a total duration of 10 years, but its protective effect is assumed to wane linearly to zero over this period of time.
In primary analysis, the vaccination strategies that we compared with the existing TB control program were, 1) vaccination with a novel TB vaccine at birth, and 2) vaccination with a novel vaccine at birth plus a booster dose at age 10. Both comparison strategies were assumed to cover the same proportion of the target population as the current BCG program. The protective effect of all vaccine doses was assumed to be immediate, and would then wane linearly to zero over a period of 10 years. In the primary analysis, the replacement TB vaccine for neonates was assumed to have an initial efficacy of 70% for preventing rapid progression to TB disease. Hence the replacement vaccine would work similarly to BCG, but with greater efficacy. As a result, the incidence of contagious smear-positive pulmonary disease will remain largely constant during the first years after introduction of the novel vaccine. This is because young children develop primary, disseminated and/or meningeal forms of the disease which are rarely contagious.
The booster dose administered at the age of 10 was also assumed to be 70% efficacious, and to work by preventing rapid progression to active disease. Hence it would only be of benefit to persons who had not yet acquired latent TB infection by age 10.
Other potential mechanisms for vaccine action could be to reduce: 1) acquisition of initial infection following exposure to Mycobacterium tuberculosis; or 2) late reactivation of longstanding latent TB infection. These alternate mechanisms of vaccine action, and their impact on health outcomes and costs, were considered in sensitivity analyses. For this reason, the time frame of all analyses was 30 years, so that potential benefits related to protection against acquiring TB infection and to prevention of late reactivation could be tracked into early adulthood. However, for the primary analysis we also compared outcomes at 5, 10, and 20 years.
Preliminary data suggest some novel TB vaccines currently under development will be safer than BCG for administration to HIV-positive individuals [8, 9] . The model assumed all vaccines to have similar protective efficacy in individuals with early HIV infection to that in seronegative persons. We assumed that the vaccine had no effect on the development of active TB in persons with clinical AIDS, based on severe impairment of cell-mediated immunity. To the extent that this could underestimate vaccine benefit, this was a conservative assumption.
Model health states, transitions, and calculations
In the model, TB-related health states, along with key pathogenetic assumptions corresponding to Markov state transition probabilities (e.g. risk of acquiring tuberculosis infection, subsequent risk of active TB) were as previously described [14, 15] , modified and extended to include vaccination ( Table 2) .
Model cohort members were classified into five broad TB-related health states: 1) uninfected; 2) latent tuberculosis infection (LTBI); 3) active tuberculosis; 4) successfully treated, or spontaneously resolved active TB; and 5) chronic TB (MDR-TB). Latent TB, active TB, and spontaneously resolved active TB were further subdivided into three categories based on drug sensitivity: drug sensitive, single-drug resistant, or multi-drug resistant. The annual risk of infection was calculated from the estimated incidence of smear-positive cases using the Styblo formula [16] . We estimated that a new TB infection would progress to active disease in 5% of HIVnegative individuals within 2 years of acquiring the infection [17] , and long-standing LTBI would re-activate at an annual rate of 0.1% thereafter in HIV-negative Live births per year 468,073 Calculated from [56, 57] Percent of global BCG vaccine coverage 0.398% [34] Percent of target population vaccinated with BCG 92% [34] Gross National Income per capita (US$) 2005 $500 [58] Life expectancy at birth (years) 38.4 [58] All cause mortality Age specific [59] New estimated TB smear-positive incidence per 100,000 ( individuals [18, 19] . To date, control strategies in lowand middle-income countries have focused largely on active cases, with limited treatment of latent infection [5] . We therefore assumed that the only persons treated for latent TB infection would be individuals diagnosed with concurrent HIV-latent TB infection (the latter based on tuberculin test results) [20] . Of those treated, we estimated only 67% would complete treatment for latent infection [21] . HIV-related health states were divided into uninfected, early HIV (asymptomatic), and late HIV (clinical AIDS). The annual risk of HIV infection was estimated to be 
HIV Infection
Annual risk of progression -asymptomatic to AIDS 7% [22, 62] Annual risk of death -early HIV (asymptomatic) 4.6% [22] Annual risk of death -clinical AIDS 22% [22] Median survival with early HIV 9.8 yrs [22, 62] Median survival with clinical AIDS 9 months [22] Risk of developing active TB disease HIV uninfected Within 2 years of new TB infection 5% [17, 63] Within 2 years of re-infection after cured TB disease 1% [64, 65] Late re-activation from longstanding latent TB* 0.1%/year [18, 19] Early HIV Treated Smear Positive TB Outcomes (HIV-positive)
Relative risk of death during TB treatment with HIV infection 2.25 [24, 26, 86, 87] Relapse after successful TB treatment (cured) 3.1% [88] [89] [90] * Assumes rate of reactivation beyond 2 years after TB infection is the same whether it is after a first infection or after re-infection. ** Transfer out considered equivalent to default [91] . Overall cure rate if default based on timing of default [73] , and cure rates from trials of very short course treatment [81] [82] [83] .
0.96%, calculated from the adult population prevalence of HIV in Zambia divided by the mean survival with HIV infection in a low-income setting [10, 22] . The risks of TB progression, re-activation, relapse, and mortality were assumed to be much higher in HIV-positive individuals [23] [24] [25] [26] . These and other key pathogenetic assumptions with respect to TB and HIV acquisition, progression, and clinical outcomes are listed in Table 2 .
Beginning from the first year, we estimated the proportion of the cohort developing active TB, dying from TB, dying from HIV, and dying from all other causes. In each year, costs associated with each branch of the decision tree were determined and accumulated. Cohort members surviving each year entered the subsequent year of the simulation, starting in the health state determined by events of the preceding year. Final outcomes including costs were multiplied by the size of the newborn population to generate expected values over the 30-year simulation, for the cohort of newborns born in Year 1. A simplified schematic of the decision tree is shown in Figure 1 .
Costs
Costs, expressed in 2007 U.S. dollars, were estimated from a societal perspective. Direct costs included those borne by the government and the healthcare system, plus costs for implementation and maintenance. Indirect costs included out-of-pocket expenditures by patients and families, and lost productivity due to TB related disability and death. For children with TB, indirect costs reflected costs borne by their families, namely family members taking time off work and/or paying out-ofpocket costs related to children's illness and care. A summary of direct and indirect costs per patient managed in Zambia is shown in Table 3 .
Data regarding the number of health care visits and out-of-pocket expenditures for patients and families in the pre-diagnostic, hospitalization, treatment, and follow-up phases were collected and analyzed from a previous survey of adult TB patients in Zambian urban primary health care centres [27] . As we did not have directly gathered data for costs to the Zambian health care system, health care system costs were estimated from a survey of Haitian TB care providers [15] , where the annual gross national income (GNI) per capita at the time of the study in 2003 was similar to that of Zambia now. Lost income due to TB-related medical visits and TB-related premature death were determined by the model based on GNI per capita, the number of remaining years in the simulation, and the presence or absence of HIV infection. The median length of survival for HIV-infected persons was estimated to be 9.8 years with early HIV and 9 months with clinical AIDS [22] . For adults with active TB. disability costs were calculated based on an assumed 50% reduction in productivity from symptom onset until diagnosis, and during the first 2 months of treatment [28] [29] [30] . Untreated patients or patients who failed treatment had a 50% reduction in productivity for the duration of their illness.
Costs for the maintenance of the DOTS program were based on detailed evaluations of DOTS implementation in Ecuador [31] , adjusted for gross national income per capita in Zambia and converted to 2007 dollars using the consumer price index [32] . Costs of anti-tuberculosis drugs for active and latent TB were as listed by the Global Drug Facility [33] .
Initial research, development, and production costs for single vaccination and prime-boost strategies were projected to be $141 million and $194 million respectively, and prorated to the Zambian share (0.4%) of global Figure 1 Sample decision analysis tree for Zambian newborn initially without HIV or TB infection. Footnotes: * States entered in subsequent cycles not shown in this figure ** The letter "p" preceding a variable name denotes probability † Decision tree structure for HIV infection not shown in this figure. BCG vaccine coverage for newborns [34] . Survey data collected prior to the 36 th IUATLD Conference in Paris (2005) provided the basis for all vaccine costs [9] , for which the Aeras 403 recombinant BCG (rBCG) was used as the replacement TB vaccine, and the Aeras 402
Crucell Ad35 vector expressing TB antigens was used as the booster. Of note, we assumed no additional infrastructure costs for distribution and delivery of a novel vaccine, as an extensive program for BCG vaccination already exists as part of the WHO Expanded Program [15] , where GNI per capita is similar to Zambia. * Lost income based on average per capita gross national income -$500 - [58] and average work week of 40 hours. ** Direct patient/family expenditures (while ill with TB disease) that are in addition to money spent while visiting health establishments or hospitals (e.g. cleaning, food supplements, childcare).
¶ Disability costs based on cure/complete treatment outcome (2 months disability) [28] [29] [30] . ¶ ¶ Based on total hours spent by family members helping patient at home. § Initial investment includes research, development, and production costs. § § Unit cost includes distribution, administration, and vaccine dose costs. † † BCG replacement unit cost estimates provided by Aeras [9] were lower than that of current BCG -likely secondary to improved manufacturing and/or distribution efficiency.
for Immunization (EPI). We assumed that any HIV screening costs associated with vaccination would be the same as for the current BCG program.
Sensitivity analyses
We performed extensive sensitivity analyses to test the robustness of the model to a range of parameter values.
Key epidemiologic factors such as HIV prevalence and TB infection risk were varied, where available, within published ranges. Assumed costs were doubled and quadrupled to assess their impact on the cost effectiveness of the vaccine strategies. To account for potentially higher discount rates in low-income countries, we considered discount rates ranging from 2-6%. In addition, combinations of unfavorable assumptions were used to describe a "worst case" scenario. Since the first new vaccines are now in the early and middle phases of human clinical trials, there are no definitive efficacy data. Therefore, we examined the effects of varying the assumed efficacy and mechanism of action for the vaccine strategies. We considered prevention of acquisition of initial infection, and prevention of late reactivation as alternate mechanisms for vaccine action. This study used a hypothetical simulation model based on previously published data, so research ethics committee approval was not required. McGill University, the Fonds de la Recherche en Santé du Québec, and the Canadian Institutes of Health Research provided salary support to the researchers, but had no role in any aspect of this study. All members of the research team had full access to all data and to the decision analysis model.
Results
With the status quo, the model projected 25,557 active TB cases and 18,379 TB-related deaths over a period of 30 years, among 468,073 Zambians born in Year 1. The associated direct costs were $11.4 million and indirect costs were $45.1 million. Relative to current TB control measures, a BCG replacement vaccine administered at birth, with 70% efficacy in preventing rapid progression to TB disease after initial infection, is estimated to prevent 932 active TB cases and 422 TB-related deaths over the same period. This corresponds to a reduction of 199 cases and 90 deaths per 100,000 vaccinated. The prevention of these active TB cases and TB-related deaths would decrease direct costs by $0.2 million, and indirect costs by $3.4 million, resulting in a net reduction of $3.6 million in societal costs. Hence a new vaccine is predicted to result in cost savings as well as reduced morbidity and mortality.
The addition of a booster vaccine dose would avert 1,863 active TB cases and 1,011 TB-related deaths as compared to the status quo-a further reduction of 931 TB cases and 589 TB-related deaths beyond a single neonatal dose of the new vaccine. However, this would increase total direct costs to $11.9 million, reflecting larger investment in research, development, distribution, and vaccine administration. Substantial indirect cost savings of $6.2 million however, would produce net societal cost savings of $5.6 million compared to the status quo, or $2.0 million compared to a single dose of the new vaccine at birth. Tables 4 and 5 summarize TB related costs, TB morbidity and mortality for each strategy over varying time horizons, for the entire group of newborns (Table 4) , and per 100,000 newborns (Table 5) . With vaccination at birth alone, net savings for Zambia would begin within 1 year, whereas the prime-boost strategy would require an additional 5 years to realize savings -reflecting greater initial development costs (Figure 2 ). In the long run (>16 years), the prime-boost vaccination strategy would be the cheapest. Table 6 summarizes sensitivity analyses for key parameters. Net cost savings related to prevention of additional TB cases would be expected even if the initial cost of research and development were quadrupled, or if the vaccine unit cost were quadrupled. If the vaccine's duration of action were halved to 5 years, BCG replacement vaccination at birth alone would produce a total added societal cost of $0.55 million, and prevent fewer TB cases than the current BCG vaccine, which had an assumed duration of action of 10 years. However, with the prime-boost vaccination strategy there were predicted societal cost savings even when the vaccine's duration of action was halved.
Sensitivity analyses
Savings as well as prevention of morbidity and mortality would increase for both vaccination strategies if the prevalence of HIV were higher, reflecting the effect of concurrent HIV infection on risks of rapid primary TB progression and late TB re-activation. Similarly, if the annual risk of TB infection were higher, cost savings would increase. Conversely, with decreases in HIV prevalence or in the annual risk of TB infection, the number of TB cases prevented by vaccination would decrease. Nonetheless, net cost savings are expected with both vaccine strategies even with a 50% reduction in HIV prevalence or a 50% reduction in the annual risk of TB infection. With increases in the annual discount rate, projected cost savings decrease as do TB cases prevented and deaths prevented. Net cost savings are predicted for both vaccine strategies even when the discount rate is doubled, to 6%.
In a "worst case" scenario where three key assumptions were made less favorable (initial development cost doubled, vaccine unit cost doubled, vaccine duration of action halved), both vaccination strategies would be associated with increased societal costs as compared to the status quo strategy. For the single BCG replacement dose, 98 more TB cases and 87 more TB deaths would be expected, as well as higher societal costs. For the prime-boost strategy, additional societal costs would then be $77 per case prevented, and $160 per death averted, as compared to the status quo.
Changing the predicted efficacy and assumed mechanism of action showed that vaccines with efficacy ≥60% and 50% targeting rapid progression and acquisition of infection respectively, would be cost-saving relative to current conditions (Figures 3 and 4) . Due to the low annual risk of re-activation in HIV-negative persons (0.1%), the spreading of risk over a lifetime, and loss of partial protection against rapid primary progression conferred by the current BCG vaccine, a vaccine targeting late reactivation alone would be more costly than the status quo, even with 90% efficacy ( Figure 5 ). Of course, a vaccine that is safe and effective in preventing late reactivation is likely to be widely administered throughout the community (not only to newborns), a scenario that was beyond the scope of the present analysis.
Discussion
Our comparison of two vaccination strategies with the current DOTS and BCG vaccination strategy for tuberculosis control in Zambia suggest that improved vaccines could reduce TB-related mortality and morbidity, and produce cost savings over a 30-year time horizon. The projections were generally robust in sensitivity analyses, even with assumed protective efficacy of 60% with a novel vaccine. Not surprisingly, neonatal vaccines which target initial infection or rapid progression will be more cost-effective in the short-term than those which target late re-activation. The current pipeline for novel vaccines predominantly focuses on these mechanisms of action [8, 35] . A previous analysis examined the public health impact of new tuberculosis vaccines and predicted that a preexposure vaccine, targeting the acquisition of infection or primary progression would be effective at preventing a substantial proportion of active TB cases. Although such a vaccine would not benefit persons who have already become infected with Mycobacterium tuberculosis, it would nonetheless provide important public health gains with respect to tuberculosis-related morbidity and mortality. The authors predicted that a pre-exposure vaccine that acts solely by reducing later reactivation of latent infection would not have the same impact, even if the vaccine were highly efficacious [36] . Our findings are similar and concordant with another recent analysis that used different modeling methods [37] . Over the long term, any vaccine that reduces late reactivation will decrease the annual risk of TB infection and therefore decrease disease incidence. However, the low annual risk of re-activation in HIV-negative persons, combined with finite vaccine duration of action make such a vaccine less cost-effective in the short or medium term.
The cost-effectiveness of a vaccine targeting late reactivation will be enhanced if it provides longer lasting immunity, and potentially if it is administered only after the acquisition of latent infection. One report estimated that a pre-exposure vaccine with efficacy of 50% -90%, with a single mechanism of action, may only be capable of reducing TB morbidity by one third over the long term [36] . However, a more recent analysis concluded that a neonatal vaccine could reduce TB incidence by 39-55% in the long term, while a mass pre-exposure vaccine campaign could reduce incidence by 67%, in the absence of HIV infection [38] . The same analysis suggested that the combination of pre-and post-exposure vaccines could reduce TB incidence by 79% in Southeast Asia by 2050, in the absence of HIV infection. Hence, a TB control strategy that combines the DOTS program with vaccines targeting both early infection/progression and late reactivation may ultimately be considered.
The duration of vaccine-induced immunity remains unclear for the current BCG vaccine [6, 39, 40] , so no concrete estimates exist for novel BCG replacement vaccines. For a vaccine with waning efficacy, a prime-boost strategy would be more cost-effective in the long term ( Figure 2) ; however, the time lag to net savings may present a barrier to investment by both the public and private sectors.
A limitation of our analysis was the prorated attribution of the initial vaccine development, research, and production costs to Zambia, in proportion to its current share of global BCG vaccination coverage (0.398%). At this point in vaccine development there remains great uncertainty about the ultimate cost of research, pre-clinical and clinical trials, and vaccine rollout. It is quite conceivable that these costs will exceed the estimates used in our primary analysis. However, sensitivity analyses suggested cost savings for the neonatal replacement vaccine, even if the initial investment and vaccine 
unit costs were both quadrupled. Our prorating of development costs to a single cohort of newborns is also conservative, as it tends to underestimate the cost-effectiveness of TB vaccines over time.
In fact, high-incidence low-and middle-income countries which will use novel TB vaccines may bear little of their initial development costs. The funds may be provided primarily by governments of high-income countries, non-governmental organizations and research grants. This means that from the perspective of highincidence countries and their populations, novel tuberculosis vaccines will be even more cost-effective. On the other hand, from the broader global TB control perspective, which includes costs to funders, these costs are relevant to the present analysis.
We did not model potential adverse events related to the administration of tuberculosis vaccines in neonates. An open-label, phase I trial of a novel vaccine candidate has demonstrated safety and high immunogenicity in individuals with latent tuberculosis infection [41] . The frequency of disseminated BCG has been reported to be less than five per million, and is mainly associated with congenital immunocompromised states [42] . A recent revision to the WHO guidelines on BCG vaccination recommends the immunization of asymptomatic infants whose HIV status is unknown, but advises against immunization of 1) infants whose HIV status is unknown, but display signs or symptoms suggestive of HIV infection; and 2) HIV positive infants, regardless of signs or symptoms [43] . A previous study showed that the risk of disseminated BCG disease is increased several hundredfold in HIV-infected infants compared to the documented risk in HIV-uninfected infants [44] . Unfortunately, due to the transplacental passage of maternal HIV antibodies, accurate diagnosis in the neonatal period requires the demonstration of HIV DNA, or HIV RNA and p24 antigen. Furthermore, signs of HIV infection are uncommon prior to BCG vaccine administration in the first weeks of life. For these reasons, the current program for BCG vaccination may have reduced efficacy in a particularly high-risk group, and increased morbidity, mortality, and added costs may result from BCG-related adverse events in countries with high HIV prevalence such as Zambia. Conversely, safety in HIVinfected neonates is considered a prerequisite for any future neonatal TB vaccine.
Other potential limitations of the analysis included our assumptions of stability in population size and age distribution, and HIV parameters. Herd immunity was not modeled [45] , but a reduction in the annual risk of TB infection resulting from any vaccine which prevents contagious pulmonary TB would further reduce TB morbidity and mortality. Similarly, we did not model transmission, since the primary analysis considered vaccine protection among children, in whom TB is rarely contagious. Again, this makes our model conservative in that it tends to underestimate potential vaccine benefits.
A challenge to TB vaccine development is the lack of proven immunological correlates of vaccine-induced immunity, although early animal studies suggest improved protection against a pulmonary TB challenge for several prime-boost approaches [46] [47] [48] . We did not model the effects of M. tuberculosis strain diversity. A recent analysis suggests the efficacy of novel vaccines may differ against different strains of the bacteria [49] , however, the precise impact on efficacy remains uncertain given our incomplete knowledge regarding how distinct strains interact and the strain specificity of current vaccine candidates.
Our findings remained consistent across different scenarios for HIV seroprevalence. Greater savings and reduction in TB-related morbidity and mortality would be achieved if HIV seroprevalence was higher, owing to the more frequent development of active TB following Figure 5 Effect of varying vaccine and booster efficacy when mechanism is prevention of late TB re-activation. Protective effect acting on late TB re-activation only -none at initial infection or rapid progression -on the projected total costs over 30 years.
infection. An increase in the proportion of TB which is multi-drug resistant would yield greater cost savings for vaccination, because of increased treatment and patient/ family costs for MDR-TB. We computed the annual risk of TB infection from the incidence of smear-positive cases using the Styblo formula, which has been criticized [50] . Furthermore, a recent study has shown that in the presence of a strong control program, the TB incidence is not necessarily reflective of the true annual risk of TB infection in a country with high HIV seroprevalence [51] . However, we substantially varied the assumed annual risk of TB infection, and demonstrated that both primary vaccination strategies considered would still result in cost savings. Any inaccuracy in estimating the annual risk of TB infection would apply equally to all strategies, and would not tend to favor one particular strategy over the others.
Health care system costs were approximated by previously published data in Haiti, where GNI per capita is similar to Zambia. Social, political, and economic differences between the two countries may affect the validity of these estimates. However, indirect costs, which were obtained from Zambia itself, accounted for the bulk of total societal costs, strengthening our cost estimates. As a case study, our results may not be directly applicable to other sub-Saharan African countries given variability in epidemiology and economics, but the flexibility of the decision analysis model suggests the potential for a similar approach.
Several strengths of the analysis deserve comment. We considered the effect of HIV infection on TB pathogenesis, and accounted for survival with asymptomatic HIV and clinical AIDS, since HIV prevalence is high in Zambia and other sub-Saharan African countries [10] . Published values were used for epidemiologic data, TB pathogenesis, HIV pathogenesis, and treatment outcomes whenever available, thereby reducing uncertainty. We evaluated costs from a societal perspective, and considered both direct and indirect costs from the standpoint of a low-income country with high TB incidence. Notably, indirect costs borne by patients and families constituted a substantial proportion of the total. The decision analysis model allowed us to manipulate key variables and test our underlying assumptions. Sensitivity analyses confirmed the robustness of the main findings. In particular, with an assumed efficacy of 60%, a novel vaccine that prevents rapid progression to active TB would still provide cost savings, as well as prevent TB cases and TB-related deaths. This strengthens the economic argument in favour of developing and implementing new vaccines. We recognize that the 70% efficacy estimate used for our primary analysis is speculative, as useful evidence must await the outcome of one or more large-scale clinical trials, still years away.
Novel TB vaccine development and deployment faces a number of obstacles. The lack of validated biomarkers for candidate vaccine selection, scarcity of suitable field sites, exclusion of at-risk populations from trials, regulatory issues, and complex ethical concerns at each stage of human testing are among the challenges [52] [53] [54] . The continued expansion of the TB vaccine pipeline, however, remains reassuring. Recent years have renewed interest in TB vaccine development. By the end of 2009, at least nine novel TB vaccines were undergoing evaluation in humans, with at least two recombinant protein vaccines reaching phase II trials [54, 55] .
Conclusions
This analysis suggests that a prime-boost strategy using a tuberculosis vaccine with moderate efficacy (>60%) which prevents initial infection or rapid primary progression to disease, will be the most cost-effective vaccine intervention over the short to medium term, in high-burden countries. We conclude that investment in an improved TB vaccine may result in considerable cost savings, as well as a reduction in TB morbidity and TB-related mortality, when it enhances existing control strategies.
